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ORIGINAL ARTICLE 



Tetraspanin CD9 modulates ADAM17-mediated 
shedding of LRU in leukocytes 

Shokichi Tsukamoto^'^, Masahiro Takeuchi^'^, Takeharu Kawaguchi^'^, Emi Togasaki^'^, Atsuko Yamazaki^'^, 
Yasumasa Sugita^'^, Tomoya Muto^'^, Shio Sakai^'^'^, Yusuke Takeda^'^, Chikako Ohwada^'^, Emiko Sakaida^'^, 
Naomi Shimizu^'^'^, Keigo NishiP, Meizi Jiang"*, Koutaro Yokote^, Hideaki Bujo"* and Chiaki Nakaseko*'^ 

LRU, also known as SorLA or SORLl, is a type-l membrane protein from which a large extracellular part, soluble LRU 
(sLRll), is released by proteolytic shedding on cleavage with a disintegrin and metalloproteinase 17 (ADAM17). A shedding 
mechanism is presumed to have a key role in the functions of LRU, but the evidence for this has not yet been demonstrated. 
Tetraspanin CD9 has been recently shown to regulate the ADAM17-mediated shedding of tumor necrosis factor-a and 
intercellular adhesion molecule-1 on the cell surface. Here, we investigated the role of CD9 on the shedding of LRU in 
leukocytes. LRU was not expressed in THP-1 monocytes, but it was expressed and released in phorbol 12-myristate 
13-acetate (PMA)-induced THP-1 macrophages (PMA/THP-1). Confocal microscopy showed colocalization of LRU and CD9 
proteins on the cell surface of PMA/THP-1. Ectopic neo-expression of CD9 in CCRF-SB cells, which are LRll-positive and 
CD9-negative, reduced the amount of sLRll released from the cells. In contrast, incubation of LRll-transfected THP-1 cells 
with neutralizing anti-CD9 monoclonal antibodies increased the amount of sLRll released from the cells. Likewise, the 
PMA-stimulated release of sLRll increased in THP-1 cells transfected with CD9-targeted shRNAs, which was negated by 
treatment with the metalloproteinase inhibitor GM6001. These results suggest that the tetraspanin CD9 modulates the 
ADAM17-mediated shedding of LRU in various leukemia cell lines and that the association between LRU and CD9 on the 
cell surface has an important role in the ADAM17-mediated shedding mechanism. 

Experimental & Molecular Medicine (2014) 46, e89; doi:10.1038/emm. 2013. 161; published online 4 April 2014 
Keywords: ADAM17; CD9; LRU; TNF-a converting enzynne; Tetraspanin 



INTRODUCTION 

LRU, also known as SorLA or SORLl, is a member of the low 
density lipoprotein receptor family, which binds apolipopro- 
tein E.^'^ LRU is a type-I membrane protein from which a 
large extracellular part, referred to as soluble LRU (sLRll), is 
released by proteolytic shedding. It has been shown that LRU 
has a key role in migration of undifferentiated vascular smooth 
muscle cells and that the circulating sLRll is a biomarker for 
atherosclerosis, coronary stenosis and diabetic retinopathy.^"^ 
Moreover, the mutations in LRl 1/SORLl gene are predictive of 
Alzheimer's disease, and increased levels of sLRll in the 
cerebrospinal fluid predict neurodegeneration in patients 
with Alzheimer's disease.^"^ We have previously demon- 
strated that the levels of serum sLRll are significantly 
elevated in patients with acute leukemia and that the levels 
of sLRll are associated with the percentage of peripheral 



blood blasts.^ In addition, we found that high levels of sLRll 
have a significant negative prognostic impact on progression- 
free survival in patients with follicular lymphoma (FL).^^ In 
the FL analysis, the immunohistological staining intensity of 
LRl 1 in lymph nodes of FL patients did not show a significant 
association with the levels of serum sLRll. Therefore, an 
ectodomain shedding mechanism is presumed to have a key 
role in the functions of LRU, including migration, adhesion 
and drug resistance, but evidence for this has not yet been 
demonstrated. 

A disintegrin and metalloproteinase 17 (ADAM 17, also 
known as tumor necrosis factor (TNF)-a converting enzyme) 
has been identified as the enzyme that cleaves the trans- 
membrane precursor form of TNF-oc, as well as the ectodo- 
mains of other cell surface proteins critically involved in 
development, cell growth, adhesion, differentiation and 
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migration of leukocytes and tumor cells. LRU is also 
cleaved by ADAM 17.^^'^^ Tetraspanin CD9 has been recently 
shown to regulate the shedding activity of ADAM 17 on the cell 
surface. In this study, the authors reported that CD9 
negatively regulated the ADAM17-mediated shedding of 
TNF-a and intercellular adhesion molecule- 1 in leukocytes 
and endothelial cells. Thus, we hypothesized that the shedding 
of LRl 1 may also be regulated by CD9 in a mechanism similar 
to these other ADAM 17 substrates. Here, we investigated the 
role of CD9 on the shedding of LRU in leukocytes. 

MATERIALS AND METHODS 

Antibodies 

Monoclonal antibodies (mAbs; A2-2-3, M3 and R14) against LRU 
have been previously described. M3 was used for flow cytometry 
and ELISA, A2-2-3 for western blotting and R14 for 
immunofluorescence and ELISA. mAbs against CD9 (MM2/57, 
ALB-6, HI9a and M-L 13) were purchased from Merck Millipore 
(Billerica, MA, USA), Beckman Coulter (Brea, CA, USA), BioLegend 
(San Diego, CA, USA) and BD Biosciences (San Jose, CA, USA), 
respectively. MM2/57 was used for western blotting, ALB-6 as a 
neutralizing antibody, HI9a for flow cytometry and M-L 13 for 
immunofluorescence. 

Cells 

The human monocytic THP-1, the promonocytic U937 and the B 
lymphoblastoid CCRF-SB cell lines were aU purchased from ATCC 
(Manassas, VA, USA). The ceU lines were maintained in RPMI 1640 
medium supplemented with 10% fetal bovine serum (FBS; Thermo 
Scientific, Waltham, MA, USA). Normal human peripheral blood was 
obtained from healthy volunteers. Peripheral blood mononuclear ceUs 
(PBMCs) were isolated by density gradient centrifagation using the 
Ficoll-Paque Plus (GE Healthcare, Pittsburgh, PA, USA). CD3+ T cells, 
CD 14+ monocytes and CD 19+ B cells were magnetically labeled with 
specific microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) 
and then enriched using MACS columns. Primary human macro- 
phages were generated by culturing human monocytes for 7 days in 
RPMI 1640 medium supplemented with 10% FBS and 50ngml~^ 
M-CSF (Sigma- Aldrich, St Louis, MO, USA). For analysis of sLRll in 
the culture supernatant, the cells were cultured with fresh serum-free 
media, which was collected and used for western blot analysis or ELISA 
of sLRll after concentration of the media using Amicon Ultra 
centrifugal filter units (100 kDa NMWL membranes, Merck Millipore). 

Generation of LRll-overexpressing cells, 
CD9-overexpressing cells and CD9-silencing cells 

For the generation of LRll-overexpressing cells, THP-1 cells were 
transiently transfected with pBK-CMVhLRl 1^ using the Neon 
electroporation device (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer's instructions. For the generation of CD9- 
overexpressing cells, CCRF-SB cells were transienfly transfected by 
electroporation with the pCMV6-AN-mGFP vector containing CD9 
cDNA (OriGene Technologies, Rockville, MD, USA) or with an 
empty vector (mock control). Stable CD9-silencing THP-1 cells were 
generated by transfection with the TRCN0000291711 plasmid (Sigma- 
Aldrich) expressing CD9-targeted shRNA, using Lipofectamine 2000 
transfection reagent (Invitrogen), and compared with the cells 
transfected with the empty vector. Transfected cells were selected for 
use in 0.5)igml~^ puromycin-supplemented medium for 2-3 weeks. 



After applying this limiting dilution method, the reduced expression 
of CD9 in the resulting cell population was verified by flow cytometry. 

Western blot analysis 

Cultured cells were lysed in ice-cold Radioimmunoprecipitation Assay 
Buffer (Wako, Osaka, Japan) supplemented with protease inhibitors 
(Complete Mini; Roche Applied Science, Upper Bavaria, Germany). 
The resulting cell lysates were recovered after centrifugation at 
20 000 X g for 20 min. Protein concentrations were determined using 
the BCA Protein Assay Kit (Thermo Scientific). Samples were mixed 
with an equal volume of Laemmli Sample Buffer (Bio-Rad, Hercules, 
CA, USA), containing 5% P-mercaptoethanol, and heated for 5 min 
at 95 °C. Protein samples were subjected to SDS-PAGE, and the 
immunoreactive signals were detected by western blot analysis using 
mouse mAbs against LRU (A2-2-3) and CD9 (MM2/57), followed by 
horseradish peroxidase-conjugated anti-mouse IgG. ECL detection 
reagents (GE Healthcare) were used to detect the horseradish 
peroxidase enzyme activity signals, which were quantified using the 
ChemiDoc XRS system with the Image Lab software (Bio-Rad). 

RNA extraction and quantitative real-time PGR analysis 

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Venlo, 
Netherlands), eluted and then quantified using the Nanodrop 
spectrometer (Thermo Scientific). The reverse transcription step 
was performed with the PrimeScript RT Reagent Kit (Takara Bio, 
Shiga, Japan) according to the manufacturer's instructions. The 
resulting cDNA samples were subjected to quantitative real-time 
PGR to measure the levels of LRU mRNA, using the TaqMan Assay- 
on-Demand kit with the StepOne Real-Time PGR System (Applied 
Biosystems, Norwalk, CT, USA). The PGR primer sequences were 
previously mentioned."^ We quantified and normalized the levels of 
LRU mRNA to those of the house -keeping gene glyceraldehyde-3- 
phosphate dehydrogenase. 

Flow cytometry 

Cells were washed with PBS containing 2% FBS and then incubated 
with human serum type AB at 4°C for 30 min to block the Fc 
receptors. Next, the cells were stained at 4 °C for 30 min in the dark 
with fluorescein isothiocyanate-conjugated anti-LRll antibody M3, 
phycoerythrin-conjugated anti-CD9 antibody HI9a and antibodies 
against CD3, CD 14 or CD 19 (BioLegend). The isotype control 
antibody (BD Biosciences) was used as a negative control. Flow 
cytometry was performed with the FACSCanto II or the FACSCalibur 
flow cytometers (BD Biosciences). 

Immunofluorescence 

Cells were fixed in 100% methanol at — 20°C for 15 min. Fixed cells 
were incubated with a biotinylated mAb against LRU (R14) followed 
by an Alexa Fluor 594 streptavidin conjugate (Invitrogen). Next, the 
cells were incubated with a fluorescein isothiocyanate- conjugated 
anti-CD9 antibody M-L 13. Cells were mounted with VECTASHIELD 
Mounting Medium (Vector Laboratories, Burlingame, CA, USA). 
Slides were examined with the Zeiss LSM5 PASCAL confocal laser 
scanning microscope (Carl Zeiss, Oberkochen, Germany). 

ELISA 

The amount of sLRll released into the culture medium was 
determined by sandwich ELISA, as previously described. In brief, 
samples were reacted with the capture mAb M3, and then incubated 
with the biotinylated reporter rat mAb R14. The LRU -mAb complex 
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was reacted with horseradish peroxidase-conjugated streptavidin. A 
standard curve was constructed using the purified LRU protein. 

Statistics 

All data are presented as the mean ± s.d. or s.e. for each index. The 
two-tailed Student's t-test was used to compare between two groups 
and Dunnett's test or Tukey's HSD test was used for multiple group 
comparisons. A value of P<0.05 was considered to be statistically 
significant. 

RESULTS 

Expression of LRl 1 and CD9 in normal human PBMCs 

First, we examined the expression levels of LRU in normal 
human PBMCs by quantitative real-time PGR. The expression 
levels of LRl 1 were significantly higher in CD3 + T cells than 
in CD 14+ monocytes, whereas there was no difference 
between monocytes and CD 19+ B cells. In addition, the gene 
expression levels of LRl 1 were significantly higher in human 
monocyte- derived macrophages than in CD 14+ monocytes 
(Figure la). However, as we previously demonstrated,^ LRU 
was only expressed on the cell surface of monocytes in normal 
human PBMCs, as detected by flow cytometry, whereas CD9 
was broadly expressed on the cell surface of all PBMCs 
(Figure lb). 



Expression of LRU and CD9 in undifferentiated/ 
differentiated THP-1 cells 

Because it has been reported that CD9 interacts with ADAM 17 
on the cell surface to exert a negative regulatory role on the 
sheddase activity of ADAM 17,^^ we hypothesized that CD9 is 
associated with the shedding of LRU on the cell surface. To 
verify this hypothesis, we chose the monocytic cell line THP- 1 
because monocytes express both LRU and CD9 on their 
surface (Figure lb). First, we investigated the cellular expres- 
sion and the released protein levels of LRU, as well as the 
cellular expression of CD9 in THP-1 cells by western blot 
analysis. Second, because the gene expression levels of LRU 
were significantly higher in human monocyte- derived macro- 
phages than in CD 14+ monocytes (Figure la), we investigated 
the expression of LRU and CD9 in phorbol 12-myristate 
13-acetate (PMA)-induced THP-1 macrophages (PMA/THP-1). 
Although LRU was not expressed in undifferentiated THP-1 
cells, but it was expressed and released in differentiated PMA/ 
THP-1. CD9 was poorly expressed in THP-1 cells, but the 
expression levels of CD9 increased in PMA/THP-1. Because we 
previously demonstrated that the molecular size of secreted 
sLRll is smaller than that of the membrane -bound LRU in 
cultured smooth muscle cells, whole cell lysates containing 
both membrane-bound and cytoplasmic LRU displayed 
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Figure 1 Expression of LRU and CD9 in normal human PBMCs. (a) The gene expression levels of LRU in CD14+ monocytes, CD19 + 
B cells, CD3+ T cells and monocyte-derived macrophages from healthy volunteers. Monocyte-derived macrophages were generated by 
culturing human CD14+ monocytes for 7 days in RPMI 1640 medium supplemented with 10% FBS and 50ngml~^ M-CSF. The gene 
expression levels of LRU were determined by quantitative real-time PGR as described in Materials and methods. Data are shown as the 
fold increase relative to the control (CD14+ monocytes) and presented as the mean ± s.d. (error bars, n = 3). *P<0.05; ns, not 
significant, (b) The cell surface expression levels of LRU and CD9 in CD14+ monocytes, CD19+ B cells and CD3+ T cells, as 
evaluated by flow cytometry. 
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different molecular sizes of LRU. We previously investigated 
the cellular expression and the released protein levels of 
LRU in 11 leukemia cell lines of different origins other than 
THP-1, and among these, the B lymphoblastoid cell line 
CCRF-SB released a large amount of sLRll.^ We confirmed 
that CD9 was not expressed in this cell line; therefore, 
we chose CCRF-SB as the CD9 -negative control cells 
(Figure 2a). 



LRU and CD9 associate on the cell surface of PMA/THP-1 

To assess the relationship between LRU and CD9 in PMA/ 
THP-1, we performed double immunofluorescence staining 
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Figure 2 LRU and CD9 associate on tlie cell surface of PMA/ 
THP-1. (a) The levels of sLRll and the cellular expression of 
LRU or CD9 in undifferentiated THP-1, differentiated PMA/THP-1 
and CCRF-SB cells, as analyzed by western blot analysis. For 
analysis of the levels of cellular protein, the cells were cultured 
with serum-containing media. For analysis of sLRll in the culture 
supernatant, the cells were cultured with fresh serum-free media 
for 24 h. The collected media were concentrated before analysis, 
(b) Confocal microscopy displaying the colocalization and 
interaction of LRU and CD9 in PMA/THP-1. After THP-1 cells 
were incubated with 20ngml"^ PMA for 24 h, the attached 
cells were stained with anti-LRll and anti-CD9 antibodies. 
Samples were analyzed by confocal microscopy. 



of these molecules followed by confocal microscopy. Although 
LRU was expressed both on the cell surface and in the 
cytoplasm, partial colocalization of LRU and CD9 was 
specifically seen on the cell surface (Figure 2b). As we 
hypothesized, CD9 may be associated with LRU on the cell 
surface. To further confirm the relationship between LRU 
and CD9, we performed immunoprecipitation of LRU and 
CD9 in PMA/THP-1 or COS7 cells, as well as in 293T cells 
transiently co-transfected with expression plasmids encoding 
human LRU and CD9 cDNAs. However, LRU and CD9 
did not CO -precipitate in any of the cell lines tested (data 
not shown). 

Expression of LRU and CD9 in THP-1 cells stimulated with 
PMA at different time intervals 

As shown in Figure 2a, LRU was not expressed in undiffer- 
entiated THP-1 cells, but it was expressed and released in 
differentiated PMA/THP-1. We next examined the expression 
levels of LRU and CD9 in THP-1 cells stimulated with PMA at 
different time intervals. Compared with unstimulated cells, 
when THP-1 cells were incubated with 40ngml~^ PMA, the 
levels of LRU mRNA increased after 16 h, with a maximum 
10-fold elevation after 24 h, followed by a decline toward 
baseline levels within 48 h (Figure 3a). There was no significant 
difference in the levels of LRU mRNA when other concentra- 
tions of PMA were tested (Figure 3b). The protein expression 
levels of LRU were elevated after 16 h with 40ngml~^ PMA 
and gradually increased until 72 h. The protein expression 
levels of CD9 were elevated after 8 h with PMA and gradually 
increased until 72 h (Figure 3c). As shown in Figure 3e, an 
increase in the level of sLRll released from the cells was 
detected after 24 h, but was much more evident after 48 h of 
PMA treatment. The cell surface expression levels of LRl 1 did 
not change after 24 h of PMA treatment but did after 72 h, 
whereas the cell surface expression levels of CD9 increased 
after 24 h of PMA treatment and even more so after 72 h 
(Figure 3d). Therefore, PMA induced a transient increase in 
the transcription level of the LRU gene and subsequent 
production of LRl 1 cellular protein, accompanied by release 
of the cleaved form into the media. 

Effects of ectopic neo-expression of CD9 and neutralizing 
anti-CD9 mAbs on the shedding of LRU in different cell 
types 

We next investigated the effects of ectopic neo-expression of 
CD9 in CD9 -negative cells and of neutralizing anti-CD9 mAbs 
(clone ALB-6)^^'^^ in CD9-positive cells on the shedding of 
LRU. When LRU -positive and CD9-negative CCRF-SB cells 
were transiently overexpressed with CD9, the amount of sLRl 1 
released from CD9-overexpressing cells significantly decreased 
compared with that from the control cells (Figure 4a). To 
confirm the effects of neutralizing anti-CD9 mAbs, control 
THP-1 cells and LRll-transfected THP-1 cells (LRll/THP-1) 
were cultured for 4 h in the presence of ALB-6, or an isotype 
control antibody. As shown in Figure 4b (upper panel), ALB-6 
altered the expression levels of CD9 in both normal THP-1 



Experimental & Molecular Medicine 



LRU shedding is modulated by CD9 

S Tsukamoto et al 




0 8 16 24 48 0 10 20 40 80 

time(hr) PMA(ng/ml) 



c e 

IB 10 n 




01 7 3401 34 

10" 10 10^ 10"^ ^0\ 10 10 10* 10"^ 10* 



LR11 CD9 

Figure 3 Expression of LRU and CD9 in THP-1 cells stimulated with PMA at different time intervals, (a) The levels of LRU mRNA in 
THP-1 cells stimulated with 40ngm|-^ PMA at different time intervals, (b) The levels of LRU mRNA in THP-1 cells stimulated with 
varying concentrations of PMA for 24 h. The gene expression levels of LRU were determined by quantitative real-time PGR. Data are 
shown as the fold increase relative to the control (Oh or PMA Ongml"^) and presented as the mean±s.d. (error bars, n = 3). (c) The 
protein expression levels of LRU or CD9 in THP-1 cells stimulated with 40ngml"^ PMA at different time intervals were analyzed by 
western blot analysis, (d) The cell surface expression levels of LRU or CD9 in THP-1 cells stimulated with 40ngml~^ PMA for 24 h 
(dashed line) or 72 h (solid line) were evaluated by flow cytometry. Gray-colored histograms represent cells labeled with an isotype control 
antibody, (e) The concentrations of sLRll released from THP-1 cells stimulated with 40ngml~^ PMA at different time intervals were 
determined by ELISA. Data are shown as the fold increase relative to the 24 h time point and presented as the mean±s.e. (error bars, 
n = 3). ND, not detected. In all cases, the cells were cultured with fresh serum-free media. 



and LRll/THP-1 cells. Furthermore, the amount of sLRll 
released from ALB-6-cultured LRll/THP-1 cells significantly 
increased compared with that from the cells cultured with an 
isotype control antibody (Figure 4b, lower panel). 

Effect of CD9 silencing on the shedding of LRU in 
THP-1 ceUs 

Previous studies have reported the constitutive and PMA- 
stimulated shedding of LRU in various adherent cells,^'^^'^^ 



and the ADAM17-mediated shedding of LRU was inhibited 
by the metalloproteinase inhibitor GM6001 in CHO-Kl 
cells transfected with LRU cDNA.^^ To confirm the effects 
of GM6001 in non- adherent hematopoietic cells, we assessed 
the PMA-stimulated shedding of LRU in THP-1 and U937 
cells. The amount of sLRll released from these cells was 
significantly inhibited by treatment with GM6001 (Figure 5a), 
suggesting that LRU is cleaved by ADAM 17 not only in 
adherent cells but also non-adherent hematopoietic cells. 
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We next investigated the effect of CD9 silencing on the 
ADAM17-mediated shedding of LRU from THP-1 cells 
treated with GM6001. As shown in Figure 5b (upper panel), 
a significant reduction in the cell surface expression of CD9 
was achieved regardless of stimulation of PMA in CD9 
shRNA-silenced THP-1 cells. The PMA-stimulated release of 



sLRll significantly increased in CD9 shRNA- silenced THP-1 
cells compared with that of the cells transfected with the 
control shRNA, and this increase was negated by treatment 
with GM6001 (Figure 5b, lower panel). These results suggest 
that CD9 inhibits the shedding of LRl 1 in leukemia cells, and 
this effect is mediated by ADAM17. 
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DISCUSSION 

In this study, we showed that neo- expression of CD9 inhibits 
the shedding of LRU, whereas treatment with neutraUzing 
anti-CD9 mAb or CD9 silencing had the opposite effects for 
the ADAM17-mediated shedding of LRU in various leukemia 
cell lines. This role of CD9 in the shedding of LRU is in 
agreement with a recent report demonstrating the role of 
CD9 in the shedding of TNF-oc and intercellular adhesion 
molecule- 1.^^ In that report, the PM A- stimulated shedding of 
TNF-oc and intercellular adhesion molecule- 1 proteins after 
CD9 silencing both in THP-1 cells and in CD9-positive Jurkat 
T-cell line was investigated. Therefore, we also examined the 
shedding of LRU in Jurkat T cells. Although the LRU mRNA 
and cellular LRU protein were expressed, LRU was not 
expressed on the cell surface, and the sLRll released from 
the cells could not be detected in Jurkat T cells (data not 
shown). The difference between the expression of mRNA and 
cell surface expression of LRU in Jurkat T cells was also 
observed in normal CD3+ T cells (Figure 1). In addition, 
sLRll was not released even after the stimulation of PMA 
± ionomycin or after cross-linking CD3 receptors in CD9 
shRNA- silenced Jurkat T cells. These results suggest that LRU 
is only expressed in cytoplasm in CD3+ T cells and Jurkat 
T cells. Furthermore, the association between LRU and CD9 
on the cell surface may have an important role in the 
ADAM 17 -mediated shedding mechanism. 

Tetraspanins are not only expressed on the plasma mem- 
brane of cells but also within various types of intracellular 
vesicles involved in the endocytic pathway, particularly in 
exosomes.^^ It has been reported that CD9 interacts with 
metallopro tease CD 10 and enhances its release via exosomes.^^ 
In that report, although the authors did not confirm CD9- 
dependent changes in the expression or peptidase activity of 
CD 10 on the cell surface, both in exosomes were increased 
when CD9 was ectopically expressed in K562 CD 10 -positive 
cells. Meanwhile, our data suggest that CD9 has an inhibitory 
effect on the ADAM17-mediated shedding of LRU. Therefore, 
CD9 is predicted to have different roles on the cell surface and 
in exosomes. 



We have demonstrated that high levels of sLRll have a 
significant negative prognostic impact on the progression- free 
survival in FL patients. Because the immunohistological 
staining intensity of LRl 1 in lymph nodes of FL patients did 
not show significant association with the levels of serum 
sLRll, we hypothesized that the expression of CD9 in lymph 
nodes of FL patients may influence this lack of association. 
However, the expression of CD9 was not detected by 
immunohistology in lymph nodes of any FL patients 
although the number of samples tested was limited (data not 
shown). This result suggests that there may be another 
modulator of the shedding of LRU other than CD9. In fact, 
it has been demonstrated that different types of tetraspanins, 
including CD81 and CD82, associate with ADAMIO, the most 
closely- related family member to ADAM 17, in its cleavage of 
TNF-a and epidermal growth facto r.^^ Therefore, there may be 
a number of molecules, of which CD9 may be one, which 
modulate the shedding mechanism of LRU. 

We have also demonstrated that hypoxia induces the cellular 
expression and the released protein levels of LRU, and sLRll 
regulates hypoxia-enhanced adhesion in immature hematolo- 
gical cells.^^ Hypoxia also enhances the expression of TNF-a 
converting enzyme mRNA and activity of ADAM 17, as shown 
by the increase in TNF-oc shedding rate in synovial ceUs.^'^ On 
the other hand, it has been reported that CD9 is contained 
within secreted proteins and exosomes from tumor cells that 
have the potential to modulate the tumor's microenvironment 
to facilitate angiogenesis and metastasis under hypoxia.^^ 
Although the regulation of ADAM 17 and CD9 in 
hematopoietic cells under hypoxic conditions is not well- 
known, the LRU -ADAM 17-CD9 association may affect the 
functions of hematopoietic cell, such as migration and 
adhesion, even in hypoxia. 

In summary, we have shown that tetraspanin CD9 mod- 
ulates the ADAM 17 -mediated shedding of LRU in various 
leukemia cell lines. Because LRl 1 and CD9 colocalized on the 
cell surface of PMA/THP- 1 and because CD9 had no effect on 
the shedding of LRU in Jurkat T cells, in which LRU is only 
expressed intracellularly, we conclude that the association 
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Figure 4 Effects of ectopic neo-expression of CD9 and neutralizing anti-CD9 mAbs on tlie sliedding of LRU in different cell types, 
(a) Effect of ectopic neo-expression of CD9 in CCRF-SB cells. CCRF-SB cells were transiently transfected with a CD9 expression plasmid 
or the empty vector (mock control) as described in Materials and methods. After 48 h, the media were changed to fresh serum-free 
media. Cells were cultured for 12 h, after which the culture media were collected for analysis of sLRll. The cell surface expression levels 
of CD9, evaluated by flow cytometry, in CD9-overexpressing CCRF-SB cells (CD9 ox; dashed line) or mock-transfected cells (solid line) 
48 h after transfection are shown (left panel). The protein levels of sLRll released from CD9-overexpressing cells or mock-transfected 
cells were analyzed by western blot analysis (right panel), (b) The effects of neutralizing anti-CD9 mAbs (ALB-6) in THP-1 cells. THP-1 
cells were transiently transfected with the LRU expression plasmid. After 24 h, the media were changed to fresh serum-free media 
supplemented with ALB-6 or an isotype control antibody (IgG). Cells were cultured for 4h, followed by adding more fresh serum-free 
media. Finally, the media were collected for analysis of sLRll 48 h after transfection. The expression of LRU in normal THP-1 and 
LRU -transfected THP-1 cells (LRll/THP-1) 48 h after transfection was analyzed by western blot analysis (inset). The cell surface 
expression levels of CD9 in THP-1 and LRll/THP-1 cells with ALB-6 (dashed line) or IgG (solid line) were determined by flow cytometry 
(upper panel). The protein levels of sLRll released from these cells were analyzed by western blot analysis (lower panel). In the flow 
cytometry figures, gray-colored histograms represent cells labeled with the isotype control antibody. In the bar graph panels, data are 
shown as the fold increase relative to the control and presented as the mean±s.d. (error bars, n = 3). *P<0.05; ns, not significant; ND, 
not detected. 



Experimental & IVIolecular IVIedicine 



LRU shedding is modulated by CD9 

S Tsukamoto et al 
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Figure 5 Effect of CD9 silencing on the shedding of LRU in THP-1 
cells, (a) Effect of the metal loproteinase inhibitor GM6001 on the 
shedding of LRU in non-adherent hematopoietic cells. PMA- 
stimulated (20ngm|-i, 24 h) THP-1 and U937 cells were 
incubated with or without GM6001 (50|im) for 24 h. The protein 
levels of sLRll released from these cells were analyzed by western 
blot analysis, (b) The effect of shRNA-mediated CD9 silencing in 
THP-1 cells. THP-1 cells stably transfected with the CD9-targeted 
shRNA or with control shRNA (mock control) were generated as 
described in Materials and methods. The cell surface expression 
levels of CD9 in the CD9 shRNA-silenced-THP-1 cells (clone #8; 
dashed line) and mock controls (clone #1; solid line) with or 
without the stimulation of PMA (20ngml~^ 24 h) were evaluated 
by flow cytometry (upper panel). Gray-colored histograms represent 
the cells labeled with an isotype control antibody. Cells were either 
unstimulated or stimulated for 24 h with 20ngml"^ PMA in the 
presence or absence of GM6001 (50|im). The protein levels of 
sLRll released from the cells were analyzed by western blot 
analysis. In all cases, the cells were cultured with fresh serum-free 
media. Data are shown as the fold increase relative to the control 
and presented as the mean±s.d. (error bars, n = 3). *P<0.05; ns, 
not significant; ND, not detected. 



between LRU and CD9 on the cell surface has an important 
role in the ADAM17-mediated shedding mechanism. 
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